and blood perfusion heat transfer methods in tissues are factors that increase this complexity [1] .
8
There are many thermophysiological models to predict the mean skin temperature and 9 thermoregulatory mechanisms of each body segment. But, these models do not directly evaluate 10 the body thermal sensation and comfort. Therefore, thermal sensation and comfort models are used 11 to translate thermophysiological and environmental information into perceived comfort sensation 12 for people. Today, the accurate prediction of thermal comfort conditions is needed for a variety of 13 applications, such as designing HVAC systems for buildings or personalized air conditioning in 14 transport vehicles, for the textile and automotive industries, and for medical, aerospace, and 15 military applications. To this end, over the years researchers have developed numerous human 16 body heat balance and thermoregulatory models [2] . These models can be divided into two major 17 groups: energy balance based models and combined energy balance-thermoregulation models. The
18
Fanger's steady state [3] is the most well-known energy balance model that has been widely 19 utilized for predicting thermal sensations in the common standards of thermal comfort [4, 5] .
20
Another example of such energy balance models is the required clothing Insulation Index (Ireq), 21 looking at energy balance in the cold. Gagge's transient 2-node [6] model is probably the best 22 example of a simple thermophysiological model used to assess thermal comfort, combining the 23 external heat exchange energy model with a simple, two compartment passive body model as well 24 as a physiological control model that regulates thermoregulatory responses based on input 25 parameters like skin and core temperature (i.e. the temperature of the two compartments). Most 26 examples listed below are based on the same principle but expand the complexity in different ways. 27 Zolfaghari and Maerefat [7] also developed a simplified 3-node model (three lumped 28 compartments: core, bare skin, and clothed skin) based on Gagge's model to evaluate critical 29 thermal sensations. Moreover, several multi-segments models have been developed to provide 30 more accurate predictions, especially for cold exposure, of the human body's thermal conditions.
31
One of the most important and influential multi-segment models of the human body was developed 1 by Stolwijk [8] . In this model, the body is divided into five cylindrical parts with four layers 2 (central core, muscle, fat, skin). Based on this model principle, several other multi-segment 3 models, including the Berkeley model [9] , Tanabe model [10] they do not comprehensively cover all impacts of personal characteristics. It should be noted that 7 despite their accuracy, using the mentioned models is considerably complex and serious limitations 8 can arise in applying them. For example, determining the values of some input parameters in the 9 mentioned models is not simple and easy-to-implement. 10 Individual characteristics can significantly affect the human body's thermoregulatory 11 mechanisms. Differences in age, fitness, gender, body fat content, BMI, and BMR can significantly 12 affect temperature distribution in body tissue and an individual's thermal sensations [15] . A large 13 number of studies have purposed to determine relationships existing between individual 14 characteristics, comfort and thermal responses: Havenith [16, 17] The main governing equation of the model with time-dependent boundary conditions is as follows: ). The amount of the remaining metabolic coefficient ( is calculated from Equation (7), and 2 is the external mechanical efficiency that can be calculated from Equation (8). To calculate these parameters, the thermal signals must be defined as similar to Gagge's model.
Cold and warm thermal conditions cause vasomotion of the blood vessels in the human body. This 
14
The total skin wettedness level ( ) that presents in Equation (4) where:
, and:
Shivering is another important physiological mechanism that regulates body temperature under 6 cold conditions by increasing the metabolic rate. Shivering can be estimated using the following
It must be noted that the governing equations of the STB model should be solved numerically in a 9 one-dimensional computational field. and vasodilation in warm conditions; and 3) the thermal response of the thermoreceptor system.
19
All these issues must be considered in the new model. muscle, fat, and skin [10] . As shown in Fig. 1 , in the STB model, body tissue is subdivided into 2 the human skin as three stratified layers (epidermis, dermis, and subcutaneous) and one layer as 3 inner tissue. In the mentioned model, the geometric information (layer thicknesses) and thermal 4 properties were suggested as an average for the human population.
5
People have different body compositions. The thicknesses of living tissue layers differ for obese 6 and lean people and depend on age and gender [41] . By utilizing individual parameters, the 7 thickness of each main layer of the body and the thermal properties of each layer can be calculated 8 in order to solve the bio-heat equation (Fig. 4) . Also, parameters such as total body surface area, The total body surface area is AD, which is obtained from the following equation [42] . First, body fat should be evaluated from Equation (27) . Afterward, body density is calculated from 14 Equation (29), and then SF can be indirectly obtained from Equation (30) for males and Equation
15
(31) for females. The value of ASF can be calculated as follows:
Now, the thickness of the fat layer can be obtained from Equation (28). As can be seen, this The thicknesses of the other layers can be determined using the following relationships [47] based 21 on individual parameters:
The subscripts i=1, 2, 3, 4 in the above equations correspond to the central core, muscle, fat, and 5 skin layers, respectively. Vi indicates the volume of each layer ( ), is the mass of each layer 6 (kg), and , is the proportion of the weight of each layer (total fat and muscle = 73%, core = 7 22%, and body skin = 5%) [8].
8
The skin structure includes two main layers, the epidermis and the dermis. The epidermis is thin, 
16
The thermal properties of each layer are specified in Table 1 . individual body characteristic length must be defined as follows:
In the next step, each term of Equations (3), (4), and (5) should be rewritten based on individual Different thermal terms, such as body thermal conductivity, skin wettedness, the amount of blood 10 perfusion, metabolic rate, blood flow rate between core and skin, etc., are modeled based on The specific heat capacity for the human body can be modified and related to individual parameters 3 as follows:
5
To calculate heat transfer through the conduction mechanism, the thermal resistance between the 6 body core and the skin must be estimated. As shown in Fig. 6 In Equation (49), the body's warm signal value can be calculated from Equation (18). The neutral 6 body temperature Tb, n must be defined with regard to the gender and age of the subject. It should 7 be noted that neutral skin and core temperatures (Tsk, n and Tcr, n ) can be determined by considering In this study, neutral skin and core temperature values for standard subject are respectively 10 assumed to be 33.7℃ and 36.8℃. Also, the neutral body temperature can be estimated by Eq (20).
11
BMR is another individual factor which significantly affects the body's thermoregulatory system. The second term of the equation above expresses the additional metabolic rate caused by the 3 body's shivering mechanism under cold conditions. Cold signals of the skin and core should be 4 determined based on the neutral temperatures associated with the age and gender of the person.
5
In the discussed equations, the cardiac output can significantly influence blood perfusion ( ) in 6 Pennes' equation and blood flow rate ( ) which appears in Gagge's model. The cardiac output 7 is the product of heart rate or, simply, is the amount of blood pumped by the heart. Thus, cardiac 8 output is an individual parameter that can play an important role in human body thermoregulation.
9
In the following equation, the cardiac output is obtained based on individual characteristics [14, and order the necessary actions to achieve thermal satisfaction.
5
The process flowchart of the new individual model is outlined in Fig. 8 . In this model, a number 6 of available and measurable personal factors are given as input data. Next, the main equations are 7 rewritten according to individual characteristics and resolved at any time step. It is worth noting 8 that, in the present study, the governing equations (main and auxiliary) are solved numerically in 9 a one-dimensional computational field. For this purpose, the implicit finite differences method was 10 used. Ultimately, the time-dependent temperature distribution in tissue is determined. conditions. The performance of the model was investigated for exposure to both cold and hot 7 stress.
8
In the first case, the subjects were exposed to various steady-state warm conditions as in the study Table 4 , by using the ITB model instead of the STB Fig. 12 . In the mentioned test case, participants first experienced the 6 step change from a neutral to a typically warm condition; they stayed in this situation for 1800 s. Finally, they returned to the neutral environment through another step-change thermal process.
In Fig. 13 , the mean skin temperature predicted by the new individual model for different subjects Table 6 , mean absolute errors and 12 maximum errors between measured data and simulated results from the present model and Gagge's 13 model as a standard model are shown. As illustrated in Fig. 13 , the Gagge's model as a population-14 based thermal comfort model cannot estimate the mean skin temperature for S1 and S2 (males and 15 females with specified personal parameters) individually. Also, the maximum error for S1 and S2
16
in the prediction of mean skin temperature is decreased from 0.54 to 0.39 and from 0.89 17 to 0.48 , respectively (Table 6 ). Moreover, the mean absolute error for the results of the new 18 individual model is decreased from 0.52 to 0.39 (S2). As illustrated in Table 6 , in this case 19 we can improve our predictions by simulating with the present model instead of Gagge model 19% 20 and 25% for the mean of S1 group and S2 group respectively. To evaluate the performance of the newly developed ITB model at different activity levels, the Fig. 16 . In the mentioned experiment, the subjects were exposed 4 to a mildly cold environment (15 ) for 3 hours. Fig. 17 To observe the capability of the ITB model to predict the body thermoregulatory responses for 
11
The participants' clothing insulation was estimated to be ≈ 0.26 clo (T-shirts, fleece tops, and 12 trousers) and they carried a backpack (10% body mass) during a simulated hike in a 15 13 environment.
14 In Table 10 To validate the results obtained from the new individualized model for both the elderly and young 2 adults, the differences in mean skin temperature between the new model and the measured data 3 were compared in 7 different cases [63] [64] [65] . The subjects' characteristics and the environmental 4 conditions for all 7 experimental cases are presented in Table 11 . Obviously, the symptom of this good agreement is clarified in Table 12 where the mean skin Table 12 as change in error (between 14% to 42% for different cases). T-test 22 confirmed that for these datasets the ITB model's mean absolute errors is reduced compared to the 23 Gagge model (t(11)=5.67,p < 0.001) . Moreover, the model can be used for better understanding the comfort needs of occupants. It also 21 can be utilized to design and control optimal conditioning besides improving satisfaction for spaces 22 like vehicle, aircraft, and personal comfort system. 
